Cholinium amino acid ionic liquids ([Ch][AA] ILs), which are wholly composed of renewable biomaterials, have recently been demonstrated to have very promising properties for applications in organic synthesis and biomass pretreatment. In this work, the toxicity of these ILs toward enzymes and bacteria was assessed, and the effect of the anion on these properties is discussed. The inhibitory potentials of this type of ILs to acetylcholinesterase were weaker approximately an order of magnitude than the traditional IL 1-butyl-3-methylimidazolium tetrafluoroborate. Additionally, the [Ch][AA] ILs displayed low toxicity toward the bacteria tested. Furthermore, the biodegradability of the [Ch][AA] ILs was evaluated via the closed bottle and CO 2 headspace tests using wastewater microorganisms. All the ILs were classified as 'readily biodegradable' based on their high levels of mineralization (62-87%). The presence of extra carboxyl or amide groups on the amino acid side chain rendered the ILs significantly more susceptible to microbial breakdown. In addition, for most of the [Ch][AA] ILs, low toxicity correlated with good biodegradability. The low toxicity and high biodegradability of these novel [Ch][AA] make them promising candidates for use as environmentally friendly solvents in large-scale applications. 
Introduction
In the last two decades, ionic liquids (ILs) have attracted growing interest in various areas such as organic synthesis, catalysis, biocatalysis and biomass pretreatment, owing to their excellent thermal and chemical stability, their outstanding ability to dissolve a broad range of compounds and the fact that their properties can be tuned by individual engineering of the anion and cation components [1, 2] . They are widely regarded as 'green' solvents primarily based on their negligible vapour pressure and low flammability [3] . Since Pernak's pioneering study about the ecotoxicity of ILs [4] , the environmental impacts of this class of 'green' solvents have been gaining attention in academia and industry, particularly with regard to their toxicity and biodegradability [5, 6] . It has emerged that commonly used imidazoliumand pyridinium-based ILs are not as environmentally friendly as previously thought. For instance, such ILs generally showed considerable toxicity to enzymes, microorganisms and cells as well as to whole animals and plants [7] ; and most could not be considered as 'readily biodegradable' [5] .
It has been widely demonstrated that the cations of ILs, especially the head groups, play a major role in toxicity [8, 9] . For example, ILs containing quaternary ammonium and alicyclic cations (morpholium, piperidinium and pyrroliudinium) generally display much lower toxicity than those with aromatic cations such as imidazolium and pyridinium [6] . In addition, introduction of polar hydroxyl, ether and nitrile functional groups into the alkyl side can significantly reduce the toxicity of ILs to acetylcholinesterase (AChE) [8] . Based on current restricted knowledge about the relationships between structures and properties of ILs, a T-SAR (Thinking in terms of Structure-Activity Relationships) strategy has been proposed for rational design of novel 'greener' ILs [8] . According to this strategy, cholinium is a promising candidate as the IL cation, since the quaternary ammonium cation incorporating a polar hydroxyl group is expected to have relatively low toxicity. In addition, choline, a biologically widespread molecule that is an essential micronutrient, is able to degrade completely under aerobic conditions [10] . Recently, a variety of cholinium-based ILs has been synthesized [11, 12] . Indeed, these cholinium-based ILs have been reported to have low toxicity [13] [14] [15] , and most examples tested are readily biodegradable [14, 16] .
The anion has also proven to contribute to the overall toxicity of ILs [14, 17] , although its effect has often been overlooked previously, possibly due to the limited anion types reported. Amino acids, which have prolific structural diversity as the anionic components of ILs, offer the opportunity for detailed structurebased study of the effect of the anion on IL toxicity and other properties, although to our knowledge toxicity and biodegradation studies of amino acid-based ILs have not been reported previously. Amino acids, as one of the most abundant classes of organic compounds in nature, are excellent feedstocks for synthesis of ILs [18] ; a number of amino acid-based ILs, in which amino acids act as the cations or anions, have emerged [19, 20] . Recently, our group reported synthesis as well as chemical and physical characterization of 18 novel ILs with cholinium as the cation and amino acids as the anions ([Ch] [AA], Figure 1 ) [21] ; additionally, these ILs were found to be highly effective solvents for lignocellulosic biomass pretreatment via selective lignin removal [21, 22] , and to be excellent catalysts for organic synthesis [11, 12] . Before application of such ILs on the industrial scale it is important to assess the likely effects of their release into the environment and to obtain a structure-based understanding of environmental fate of this class of ILs in order to permit selection or design of appropriate, less toxic and readily biodegradable ILs. The aim of this work was to evaluate the toxicity of [Ch] [AA] ILs to enzymes and representative bacteria (Escherichia coli, Staphylococcus aureus, Salmonella enteritidis, and Listeria monocytogenes), and to assess their biodegradability using wastewater microorganisms through two different methods -closed bottle and CO 2 headspace tests. Consequently, we have been able to evaluate the effect of the nature of the anions on the toxicity and biodegradability of the ILs.
Materials and Methods
Biological and chemical materials [Ch] [AA] ILs were synthesized and characterized as described recently by our group [21] . [21] , and its NMR spectra were shown to be the same as reported previously [14] . AChE type VI-S (from the electric eel), acetylthiocholine iodide, 5,59-dithio-bis-(2-nitrobenzoic acid) (DTNB) were purchased from Sigma-Aldrich, USA. The strains E. coli ATCC 8739, S. aureus ATCC 29213, S. enteritidis ATCC 14128 and L. monocytogenes ATCC 19115 were bought from the China Medical Culture Collection. All other chemicals were from commercial sources and were of the highest purity available.
AChE inhibition assays
A colorimetric assay based on reduction of DTNB was used to measure AChE inhibition as described previously [23, 24] 4 ] and acetone were used at concentration ranges of 0-80 mM, 0-50 mM and 10 mM-2.5 M, respectively. Control experiments without enzyme were carried out under otherwise identical conditions. Reduction of DTNB was monitored at 405 nm and at 10 second intervals in a microplate reader (Wallac 1420 VICTOR3, PerkinElmer, Singapore) over a period of 5 min. Enzyme activity was expressed as DOD min obtained via linear regression analysis. All assays were performed at least in triplicate.
The IL concentration that resulted in 50% reduction of the enzyme activity (EC 50 ) was calculated from response curves of percent inhibition plotted against the decadic logarithm of the concentration of the IL, by nonlinear fitting using Origin Software (OriginLab Corporation 8.5, USA) with a dose-response curve model. All data were analyzed by One-Way analysis of variance using SPSS 11.5 (SPSS Inc., USA). EC 50 values are presented as mean 6 standard deviation (SD) from at least three repeats, and confidence intervals (a = 0.05) of EC 50 are also presented. The One-Way ANOVA was used to judge if the difference between the different ILs groups was significant. When the p value was,0.05, the difference was considered to be significant.
Antimicrobial activity
Antimicrobial activity was measured via the tube dilution method as described previously [25] . Briefly, E. coli, S. aureus, S. enteritidis and L. monocytogenes were cultured in Mueller-Hinton broth for 24 h at 37 uC. A microorganism suspension of 10 6 cfu mL 21 (cfu, colony forming units) was prepared from each culture. IL solutions (31.3-1500 mM) were prepared with sterilized Mueller-Hinton broth, and then were sterilized by filtration (0.45 mm pore-diameter membrane). The various permutations of microorganism suspension (50 mL) and IL solution (50 mL) were mixed in 96-well microtiter plate. Growth of the microorganisms was determined visually after incubation for 24 h at 37 uC. Controls were conducted under the same conditions: negative controls without microorganisms and positive controls without ILs. The lowest concentration at which there was no visible growth (turbidity) was taken as the minimal inhibitory concentration (MIC). Samples of 20 mL from each well were spread onto Mueller-Hinton agar medium with inactivates (0.3% lecithin, 3% polysorbate 80 and 0.1% L-cysteine) and incubated for 48 h at 37 uC. The lowest concentration of the IL that killed 99.9% or more of the test bacterium was taken as the minimum biocidal concentration (MBC). 21 were prepared in aerated mineral media and then inoculated with aerated secondary effluent from Xilang wastewater treatment plant (Guangzhou, China). A control with microorganisms, but without ILs, was conducted in parallel as the oxygen blank. Sodium benzoate was used as the reference substance. Triplicates of test control, reference samples and test ILs were kept in the dark at 2561 uC. The standard test period was 28 days, and samples were taken for the determination of dissolved oxygen (3-Star, Thermo, USA) at seven day intervals. The biodegradability was calculated by dividing the biochemical oxygen demand (BOD; expressed as mg of O 2 per mg of the test IL) by the theoretical oxygen demand (ThOD).
Closed bottle test

Results and Discussion
Toxicity toward AChE
AChE is an essential component of the nervous system of nearly all higher organisms including humans [26] . It was used as the test enzyme because its active center is highly conserved and well known, and this enzyme has been widely used for toxicity assay of ILs [8, 24, 27, 28] Table 1 ). These results highlight the role of the lipophilicity of the anion in toxicity. The active site of AChE is located at the bottom of a deep and narrow gorge that is lined with lipophilic aromatic amino acid residues [32] . The data suggest that the hydrophobic interactions between side chains of the amino acid anion components of the ILs and lipophilic amino acid residues in this cavity within the enzyme became stronger with the increase of the chain length of the amino acid component of the IL, thus enhancing the inhibitory effect of the IL on the enzyme. However, among the amino acids with hydrophobic aliphatic side chains, increase in the size of the side chain beyond valine led to lower inhibitory effects (entries 4 and 5 vs. entries 1-3, Table 1 ). As mentioned above, the entrance of the active site is deep and narrow, and therefore the ILs with amino acids with longer side chains might be less potent inhibitors of the enzyme because of steric hindrance that may prevent the amino acid entering the active site of the enzyme. Introduction of hydrophilic groups such as hydroxyl, carboxyl and amino into the amino acid generally decreased the inhibitory potentials of the ILs (entries 6, 7 and 9-15, Table 1 [Ch] [Trp] may be attributed to the stronger p-stacking interaction of its larger aromatic system (indole ring) with aromatic amino acid residues in the gorge. Similarly, Arning et al. found that the introduction of aromatic systems into the side chain of the cations led to higher toxicity [8] .
To further investigate the molecular toxicity of [Ch] [AA] ILs, catalase was used as another model enzyme for inhibition studies (Table S1 , available in File S1), which has been used previously for evaluation of environmental impact of ILs [33] . The ILs with the various amino acid anions showed a very similar trend of varying toxicity toward catalase compared to that toward AChE, although the concentrations of ILs required to inhibit catalase were 600-800 times greater than those needed to cause the same inhibition of AChE. Since it is a product of the natural AChE reaction, choline in the ILs might inhibit AChE by product inhibition, which would in part account for the fact that the ILs are more toxic against AChE than catalase. 4 ] was much more toxic than these novel ILs. In most instances the Gram-negative bacteria were more susceptible to the ILs than the Gram-positive bacteria tested, which is consistent with a previous study where the most resistant bacterium to a range of imidazolium and pyridinium ILs was found to be the Gram-positive coccus S. aureus [34] . However, these results were in contrast to the general trend that Gramnegative bacteria have higher resistance to biocides than Grampositive bacteria, because of the presence of an extra outer lipopolysaccharide membrane on the cell walls of the former [35] . This implied that a different mechanism might occur in the toxicity of these novel ILs compared to traditional biocides. The [Ch] [AA] ILs exhibited several orders of magnitude weaker antimicrobial effects than imidazolium-and pyridinium-based ILs [25, 34] , which might be attributed to the low toxicity of the cholinium cation [6] . This was confirmed by the observation that the [Ch] [AA] ILs showed similar microbial toxicity to cholinium alkanoate ILs reported previously [14] .
The toxicity of the [Ch] [AA] ILs increased with elongation of the amino acid side chain (entries 1-3 and 8, Table 2 ), possibly due to the increase of lipophilicity of the anions. A similar effect was described previously, where there was a strong correlation between the toxicity of the IL and the carbon chain length of alkanoate anions [14] . However, this effect was not apparent when the amino acid anions changed from from valine to leucine or isoleucine (entries 3-5, Table 2 ), possibly due to the branching of the side chain in these amino acids, which generally reduces lipophilicity. As shown in entries 6, 7 and 9-15 (Table 2) , the introduction of polar groups including hydroxyl, carboxyl and amino into the anions presented a range of toxicity effects. Addition of a hydroxyl group to the side chain of the amino acid resulted in a slight increase in antibacterial activity (entry 2 vs. entry 6, Table 2 ). In contrast, the carboxyl group conferred low toxicity on [ Table 2 ). The ILs where the amino acid side chains contained basic functional groups exhibited high toxicity (entries 13-15, Table 2 ), which was comparable to the toxicity of (Tables 3 and S2 , available in File S1). The biodegradability was expressed as a percentage of the theoretical maximum. Generally, the biodegradation test methods are considered to be valid if the reference compound of .60% is biodegraded within 14 days. In this study, the biodegradability of sodium benzoate was measured as .75% in 14 days by both methods, thus indicating the validity of the two test methods. According to the Organization for Economic Cooperation and Development (OECD), the compounds which reach a biodegradation level of .60% after 28 days are considered to pass the biodegradation test [5] . Biodegradability of all [Ch] [AA] ILs was more than 60% after 28 days by the closed bottle (Table 3 ) and CO 2 headspace tests (Table S2 in File S1), so all of these ILs can be referred to as 'readily biodegradable'. Most of the [Ch] [AA] ILs showed greater susceptibility to aerobic biodegradation than [Ch] [AcO], which was reported previously to be a low toxicity IL [14] . The high degrees of biodegradation of the ILs could be attributed to the cholinium cation as well as the presence of carboxyl and primary amino groups in the anions [10] .
Differences in aerobic biodegradability of various [Ch] [AA] ILs could be accounted for based on the structures of amino acid anions. The use of amino acids with branched side chain, such as Val, Leu and Ile, as the anions increased resistance to aerobic biological breakdown by microorganisms, leading to the biode- [14] . The presence of hydroxyl in the anions led to a slight improvement in biodegradation, which was also been observed in other types of ionic liquids [36] . For instance, due to the replacement of a methyl group with a hydroxyl, the level of biodegradation of [Ch] [Thr] was marginally higher than that of [Ch] [Val] (74% vs. 69%, entry 7 vs. entry 3, Table 3 ). The ILs incorporating carboxylic acid and amide groups showed excellent degradability (.86%, entries 9-12, Table 3 ). These results are in agreement with Boethling's rules of thumb where the presence of carboxylate groups or hydrolysable bonds such as ester and amide generally increases aerobic biodegradability [10] , although they contrast somewhat with the study of Gathergood et al. that reported negligible biodegradation of ILs incorporating an amide group in the cation side chain [37] . The ILs containing basic amino acids were less susceptible to microbial breakdown and degradation levels of 65-68% were obtained (entries 13-15, Table 3 ). It is unlikely that the poor biodegradation of these ILs stemmed from their strong basicity, because their concentrations were extremely low (3 mg L
21
) in the test systems. The relatively low biodegradability of [Ch] [His] might be attributed to the presence of the heterocyclic imidazole group, which may be unfavorable for biodegradation [10] . Similarly, the biodegradability of [Ch] [Trp], containing the heterocyclic indole double ring structure, was slightly lower than that of [Ch] [Phe] containing a single aromatic carbon ring structure (71% vs. 66%, entries 16 and 17, Table 3 ) [10] . It was previously reported that cholinium 2-naphthoxyacetate and cholinium anthracene-9-carboxylate, which contain polycyclic aromatic hydrocarbon ring moieties, failed the biodegradability test [16] .
A similar trend that the biodegradability of ILs depends on the structures of amino acid anions was observed in the CO 2 headspace test (Table S2 in File S1). For example, the ILs containing carboxyl and amide groups showed excellent biodegradability (81-85%, entries 9-12, Table S2 in File S1). In the cases of the ILs with basic amino acid anions, moderate biodegradation (63-66%) was observed (entries 13-15, Table S2 in File S1). Likewise, [Ch] [Trp] appeared to be relatively recalcitrant to microbial attack, affording a biodegradation level of 62%.
In the rational design of environmentally benign compounds, a conflict has sometimes been observed between minimizing toxicity and maximizing biodegradability [10] . For example, the elongation of side chain that resulted in enhanced biodegradation of pyridinium-based ILs correlated with an increase in their toxicity [38] . To analyze the correlation between the two properties of [Ch] [AA] ILs, their toxicity toward AChE and E. coli was compared with the biodegradability data, as depicted in Figure 2 . Interestingly, such a conflict between the toxicity and biodegradability did not occur in these [Ch] Also, it will be interesting to apply analytical tools such as HPLC-MS and NMR to trace the biodegradation pathways of the cation and anions in these promising new ILs.
Supporting Information
File S1 Supplementary material. (DOC)
Author Contributions
Provided the software used in data collection and analysis: XFL NC.
